Objective: Drug-resistant epilepsy is a devastating disorder associated with diminished quality of life (QOL). Surgical resection leads to seizure freedom and improved QOL in many epilepsy patients, but not all individuals are candidates for resection. In these cases, neuromodulation-based therapies such as vagus nerve stimulation (VNS) are often used, but most VNS studies focus exclusively on reduction of seizure frequency. QOL changes and predictors with VNS remain poorly understood. Method: Using the VNS Therapy Patient Outcome Registry, we examined 7 metrics related to QOL after VNS for epilepsy in over 5000 patients (including over 3000 with ≥12 months follow-up), as subjectively assessed by treating physicians. Trends and predictors of QOL changes were examined and related to post-operative seizure outcome and likelihood of VNS generator replacement. Significance: VNS for drug-resistant epilepsy is associated with improvement on various QOL metrics subjectively rated by physicians. QOL improvement is associated with favorable seizure outcome and a higher likelihood of generator replacement, suggesting satisfaction with therapy. It is important to consider QOL metrics in neuromodulation for epilepsy, given the deleterious effects of seizures on patient QOL.
Introduction
Epilepsy is a devastating neurological disorder affecting approximately 1% of the population, and seizures are resistant to antiepileptic drugs (AEDs) in about one-third of patients [1, 2] . Drugresistant epilepsy leads to significantly diminished quality of life (QOL), increased morbidity, and a 2-3 fold elevated risk of mortality [3, 4] . In many patients with focal seizures and a localizable epileptogenic zone (EZ), surgical resection or ablation may lead to a cessation of seizure activity and improved QOL. After resection, seizure freedom is achieved by approximately 60-80% of patients with mesial temporal lobe epilepsy and 40-60% of individuals with focal neocortical epilepsy [5] [6] [7] . Numerous studies have demonstrated improvement in various aspects of QOL after resective epilepsy surgery, as well as reduced morbidity and mortality [8] [9] [10] [11] . However, not all individuals with drugresistant seizures are candidates for surgical resection.
Candidacy for resective epilepsy surgery may be prevented by a primary generalized epilepsy syndrome, non-localizable or multifocal seizure onset, or an epileptogenic zone in an eloquent location [12] . In these individuals, neuromodulation-based surgical therapies are often considered, of which vagus nerve stimulation (VNS) is the most common [13] , though not approved by the FDA for primary generalized Epilepsy & Behavior 66 (2017) [4] [5] [6] [7] [8] [9] epilepsy. These palliative neurostimulation therapies often result in reduced seizure frequency, although seizure freedom is significantly less common than with resection [14] . Unlike with resective therapy, very few studies of VNS or other forms of neuromodulation have specifically examined QOL outcomes with therapy, and the vast majority of investigations focus on percent decrease in seizure frequency and/or overall rate of response to stimulation [15] [16] [17] . Thus, even though improved QOL is a critical outcome goal with any therapy for epilepsy, changes in QOL with VNS are poorly understood.
Here we present the first large-scale study of QOL metrics with VNS therapy. Using registry-based data, we analyzed physician survey responses for over 5000 patients before and after implantation to gauge improvement or worsening in several QOL metrics and identify potential predictors of improvement. We also estimated net QOL change with VNS therapy, and related QOL outcomes to both seizure outcomes and to the likelihood of generator (i.e., battery) replacement -an indirect estimate of patient satisfaction with therapy.
Methods

Patient outcome registry data collection
Data were obtained from the VNS Therapy Patient Outcome Registry maintained by the manufacturer of the device, Livanova (previously Cyberonics, Inc.), Houston, TX, USA. This database was established in 1999, after USA FDA approval of VNS therapy for epilepsy in 1997, in order to monitor patient outcomes systematically. Neurologists treating patients with VNS were provided standard case report forms from the registry, and participation was fully voluntary. Although refusal to participate was not explicitly tracked, during active data collection, the registry included approximately 18% of all VNS devices implanted. Overall, data were prospectively collected by 1285 prescribing physicians from 978 centers (911 within the USA and Canada and 67 international) at patients' baseline before implantation and at various intervals during therapy. Previous studies have authenticated the integrity of the systems for collecting and processing data in the VNS registry using an independent auditing agency [18] , and registry outcomes have been compared to and corroborated by outcomes reported across the independent literature [19] . The registry was IRB approved and individual patients provided consent.
At baseline, a patient history and implant form was submitted including information on patient demographics, epilepsy etiology and syndrome, historical seizure types and frequencies, and current AED use. At each follow-up visit, medications, VNS therapy settings, seizure frequency and type, generator replacements, device malfunctions, and QOL metrics were tracked. With respect to 7 metrics which may influence patient QOL, each individual was subjectively rated by the treating physician on a scale including worsened, no change, or improved compared to pre-implantation state. These metrics included: alertness, verbal communication, memory, social/professional achievements, mood changes, post-ictal state, and cluster seizures. In addition, as part of a "physician global assessment," providers were asked to rate the patient's overall condition as worsened, no change, or improved compared to pre-implantation state.
Data points collected in the registry at each follow-up visit included seizure frequency (overall and by seizure type), current AEDs, and QOL metrics. Seizure types classified as "generalized" included primary and secondarily generalized tonic-clonic, atonic (drop attacks), and absence seizures, while those classified as "partial" (focal) seizures included complex partial (focal with impairment of consciousness) and simple partial (focal without impairment of consciousness), including auras. Epilepsy etiologies classified as "lesional" included tumor, cyst, vascular malformation, mesial temporal sclerosis, tuber, and malformation of cortical development, while those classified as "non-lesional" included post-infectious, inflammatory, post-ischemic, Lennox-Gastaut or similar infantile syndrome, post-traumatic, cerebral palsy/perinatal event, or unknown/idiopathic. Between points of data submission by providers, it was assumed that therapy remained constant since the previous data point. For example, if data for a particular patient was submitted during a 4-month follow-up period and then again at a 12-month follow-up period, constant therapy was assumed between those data points.
Registry data analysis
The database was queried in February 2015, and all seizure and QOL outcomes reported with the 0-4, 4-12, 12-24, and 24-48 month time ranges after VNS device implantation were extracted and compared to patient pre-operative baseline. Duplicate visits for the same individual within the same time period were excluded from analysis. The patient was rated as worsened, no change, or improved on each individual QOL metric at each visit. In addition, to estimate net change across all seven QOL metrics ("net QOL change"), the total number of metrics rated as worsened (− 1), no change (0), or improved (+ 1) was summed for each patient at each follow-up period. A positive total was estimated as improvement, a negative total was estimated as worsening, and a zero total was estimated as no change. Additionally, using the physician global assessment, providers recorded patient's overall status at each visit as worsened, no change, or improved compare to pre-implantation state. Overall percent decrease (or increase) in seizure frequency compared to baseline was also calculated at each follow-up visit. Patients with ≥50% decrease in seizure frequency after VNS therapy compared to pre-operative baseline were designated seizure "responders" while those with b50% reduction in seizure frequency were labeled seizure "non-responders," and this overall responder rate was tracked over time.
Statistical analyses
Outcomes over time were evaluated for significant trends with linear regression analysis, including individual QOL metrics, estimated net QOL change, reported physician global assessment, change in seizure frequency, and seizure responder status. Univariate analysis with Pearson Chi square (χ 2 ) with Yates correction was used to evaluate potential relationships between QOL metrics (improved vs. worsened/no change), seizure outcome (responder vs. non-responder), and VNS generator replacement status (replaced vs. not replaced). To examine potential predictors of net QOL improvement across all visits, multivariate analysis was performed using binary logistic regression with backward elimination of factors. Predictors were reported using odds ratio (OR) with a 95% confidence interval (CI). Bonferroni correction was applied for multiple comparisons for all analyses where appropriate, and the level of significance was set at 0.05 after correction. Statistical analysis was performed using JMP 10.0 and SAS version 9.2 (SAS Institute, Inc., Cary, NC).
Results
Query of the VNS Patient Outcome Registry revealed data from 12,319 unique physician visits by 5554 patients with drug-resistant epilepsy. Of these, analysis included 4666 unique visits during the 0-4 month follow-up period after VNS implantation, 3277 visits at 4-12 months, 3182 visits at 12-24 months, and unique 1194 visits during the 24-48 month period. Altogether, 47% of patients in the registry were female, and the average age at implantation was 27 years (median 26, range 0-87 years). These and other patient characteristics are summarized in Table 1 .
Change in QOL metrics with VNS therapy
The percentage of epilepsy patients rated as improved, worsened, or no change with regard to 7 metrics related to QOL was determined during each follow-up period after VNS implantation (Fig. 1A) .
Improvement was most frequently reported with regard to alertness (58-63%, range over follow-up period), post-ictal state (55-62%), cluster seizures (48-56%), and mood change (43-49%), and was reported less frequently with regard to verbal communication (38-45%), school/professional achievements (29-39%), and memory (29-38%). A slight trend towards greater improvement over time was not significant for any factor (F b 11, p N 0.05 per metric, Bonferroni corrected). A net change in QOL metrics was also estimated and tracked over time, taking into account improvement, worsening, or no change across all 7 individual factors (Fig. 1B) . Overall, net improvement was noted in 74-77% of patients, worsening in 4-6% of individuals, and no overall change in 18-22% of patients, with no significant trends observed over time (F = 0.1, p = 0.8, Bonferroni corrected). Finally, as part of the physician global assessment, providers rated 80-85% of patients as overall improved (range over follow-up period), 4-5% as worsened, and 11-16% as no change. These data suggest that overall, epilepsy patients are rated as having improvement in factors related to QOL after VNS implantation, according to subjective responses from providers.
Overall QOL and seizure outcomes at 12-24 months after implantation stratified by seizure type, localization, and time to implant are summarized in Table 2 . Multivariate analysis was used to investigate potential predictors of net QOL improvement at 12-24 months, including age of epilepsy onset (b12 vs. ≥ 12 years), gender, ethnicity (Caucasian vs. other ethnicities), time to VNS implant after diagnosis (b10 vs. ≥ 10 years), epilepsy subtype (focal/partial vs. generalized), and epilepsy etiology (lesional vs. non-lesional). As summarized in Table 3 , net QOL improvement was significantly predicted by female gender, Caucasian ethnicity, time to implant b 10 years, and generalized seizure subtype. Other factors examined were not predictive.
QOL metrics in seizure responders vs. non-responders
Next, the relationship between QOL outcome and seizure outcome was evaluated (Fig. 2) . The median decrease in seizure frequency after VNS therapy increased significantly over time (F = 214.6, p b 0.01, Bonferroni corrected), from a 45% reduction at 0-4 months to a 63% reduction at 24-48 months ( Fig. 2A) . A progressive increase was also seen in the seizure responder rate over time (F = 43.0, p = 0.04, Bonferroni corrected), with 49% of patients responding to therapy at 0-4 months, to 61% of individuals responding at 24-48 months, with responder status defined as ≥50% decrease in seizure frequency ( Fig. 2A) . While net QOL improvement was estimated in 81-84% of seizure responders (Fig. 2B) , net QOL improvement was significantly less common (64-70%) in seizure non-responders (Fig. 2C ) (χ 2 = 148.1, p b 0.001). This finding suggests a positive relationship between favorable seizure outcome and improved QOL metrics with VNS therapy.
Relationship between QOL metrics and seizure outcome with generator replacement
Next, given that VNS generator replacement may help indicate satisfaction with therapy, we examined the potential relationship between net QOL improvement or seizure responder status to generator replacement in all patients with generator data available (Fig. 3) . Of 3085 patients, 2203 (71%) underwent replacement of the VNS generator. Among patients with net improvement in QOL metrics, 75% underwent generator replacement, compared to only 59.4% of individuals with worsening/no change in QOL metrics (χ 2 = 68.9, p b 0.001, Bonferroni corrected). Furthermore, while 75% of patients who were seizure responders received generator replacement, generators were replaced in only 65% of seizure non-responders (χ 2 = 40.0, p b 0.001, Bonferroni corrected). Overall, QOL improvement had a stronger association with generator replacement than seizure response (χ 2 = 149.4, p b 0.001, Bonferroni corrected). These data suggest that provider-rated QOL metrics predict generator replacement, and may therefore help reflect satisfaction with therapy.
Discussion
Here we report the largest study of QOL metrics in VNS therapy, including data from over 5000 patients, including N3000 individuals with ≥12 months post-operative follow-up. Compared to their pre-operative assessments, VNS patients were rated as improved in several QOLrelated metrics, including alertness, post-ictal state, cluster seizures, mood, and other variables. It is important to note that QOL metrics in this study were subjectively reported by physicians, and not based on standardized QOL testing. Therefore, QOL outcome metrics may be biased by a physician's desire to see improvement in a patient's status, which may lead to overestimation of favorable outcomes. This may have influenced the high rates of improvement reported in the "physician global assessment" (80-85%), which exceeded rates of improvement reported across individual QOL metrics (29-63%). Nevertheless, we did observe a significant relationship between provider QOL metrics and seizure outcomes in this study, which is consistent with previous studies linking seizure status to QOL in epilepsy [9] [10] [11] . Furthermore, patients with improvement in QOL metrics were significantly more likely to undergo generator replacement than those without positive QOL changes -a somewhat more objective indicator of satisfaction with therapy. Overall, it is useful to interpret our results in the context of previous smaller studies of QOL with VNS, including those with standardized QOL evaluations. While the majority of previous VNS studies in epilepsy have focused on seizure frequency, the largest study addressing QOL was the PuLsE (Open Prospective Randomized Long-term Effectiveness) trial [20] . This trial measured Quality of Life in Epilepsy Inventory-89 (QOLIE-89) scores in 112 adults receiving VNS vs. best medical therapy alone for drug-resistant epilepsy. Overall, significantly improved QOLIE-89 scores were observed with VNS, but the trial was terminated prematurely due to recruitment difficulties. Klinkenberg and colleagues also examined QOLIE-89 scores before and 6 months after VNS in 41 adults with epilepsy, observing significant improvements in mood and overall QOL with stimulation [21] . In pediatric patients with epilepsy, a few small VNS studies have reported improved alertness or social interactions based on retrospective chart review [22, 23] or neuropsychological evaluation [24] . One investigation indirectly inferred increased qualityadjusted life years with VNS based on reduced hospitalizations recorded in U.S. Medicaid data [25] . Surveys in children with epilepsy based on subjective family member impressions of QOL have been less consistent, with some showing improvement [26] and others no change with VNS therapy [27, 28] . Overall, our observation of improved QOL metrics with VNS in drug-resistant epilepsy is consistent with the majority of prior reports.
It is important to note that the single most important predictor of QOL in epilepsy is complete seizure freedom [29, 30] . Complete freedom from seizures is significantly more likely with resective or ablative epilepsy surgery, reported in 50-80% of surgical cases [31] , than with VNS, observed in approximately 8% of patients after N24 months of therapy [19] . With VNS, approximately 50-60% of epilepsy patients achieve ≥50% reduction in seizure frequency after 12-24 months of treatment [16] , and similar seizure outcomes have been reported with other neurostimulation therapies for epilepsy [13] . Thus, seizure freedom must be the ultimate goal in epilepsy treatment whenever possible, but VNS and other neuromodulation-based treatments represent additional treatment options for patients who are not candidates for or who refuse resection or ablation.
In comparing trends and predictors of QOL improvement vs. seizure response in VNS, we noted both differences and similarities. First, while Results of binary logistic regression analysis. CI, confidence interval; OR, odds ratio. there is a progressive improvement in seizure reduction with VNS during the first few years of therapy, we did not observe a similar trend in QOL metrics over time. Furthermore, while greater QOL improvement was observed in patients of female gender or Caucasian ethnicity in this study, these are not typical predictors of seizure response in VNS studies. However, a predominantly generalized seizure type predicted favorable QOL outcome in the present study, and has also been shown to predict a better seizure outcome in prior VNS studies [16, 19] . This is an important consideration, as patients with primary generalized epilepsy are unlikely to be candidates for surgical resection or ablation. Earlier implantation was also a positive predictor of QOL metrics in this study, and several previous investigations have suggested favorable seizure outcomes with early surgical intervention for drug-resistant epilepsy, including studies of VNS [32, 33] and resection [2, 5] . Consistent with established recommendations, patients with epilepsy whose seizures have failed to improve with ≥2 well-tolerated AED trials should be referred to a comprehensive epilepsy center for multidisciplinary evaluation and surgical consideration, due to the deleterious effects of persistent seizures on patient QOL and elevated risk of mortality [34, 35] . In addition to subjectivity and potential bias in our results discussed above, there are other limitations to this study that should be mentioned. Notably, registry data were collected from a database sponsored by the manufacturer of VNS therapy, and conflict of interest must be considered in the interpretation of our findings. Furthermore, as participation in the study was voluntary and not controlled, this may lead to bias related to which providers elected to participate. Next, data in the registry include only a subset of patients implanted during that time, and patient attrition in the registry leads to a smaller sample size at later follow-up periods, which may lead to further bias at later followup periods. However, the integrity of collecting and processing data in the registry has been previously authenticated by an independent auditing agency [18] , and registry outcomes have been shown to resemble outcomes in the literature [19] . Further prospective investigation is warranted to assess changes and predictors of QOL in VNS therapy, ideally with a large-scale independent study including standardized QOL tests administered before and after treatment. Importantly, however, while registry-based studies provide data of significantly lower quality than randomized-controlled trials, the strength of this evaluation lies in the ability to pool a very large number of patients that would be difficult to achieve even in a multi-institutional trial.
Conclusions
In a large registry-based study of QOL in over 5000 patients with epilepsy treated with VNS, we observed improvement in various metrics subjectively reported by treating physicians, including alertness, mood, and post-ictal state. Improvement in QOL metrics was significantly related to more favorable seizure outcome, and was associated with higher rates of VNS generator replacement. A large, prospective study using standardized measurements is needed to further evaluate QOL outcomes with VNS and other neuromodulation-based therapies. Given the deleterious effects of recurrent seizures on QOL patients with epilepsy, improved QOL metrics represent an important treatment goal in this disorder.
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